Background: Ceftaroline (PPI-0903M, T-91825) is a novel cephalosporin, administered as an N-phosphono prodrug. We investigated its in vitro activity and resistance selection potential.
Introduction
Ceftaroline, formerly PPI-0903M or T-91825, (Cerexa, Alameda, CA, USA) is a developmental cephalosporin, administered clinically as an N-phosphono prodrug (PPI-0903, TAK-599).
Like ceftobiprole, 1 S-3578, 2 and several now-abandoned analogues, such as RWJ-54428 3, 4 and TOC-50, 5 ceftaroline is active against methicillin-resistant staphylococci (MRSA), 6 -8 having high affinity for PBP2 0 (PBP2a). 8 It is also reportedly active against many Enterobacteriaceae and streptococci, though activity is variable against Enterococcus faecalis and poor against anaerobes and non-fermenters, particularly Pseudomonas aeruginosa. 6, 7 We examined the in vitro activity of ceftaroline against clinical isolates and laboratory strains with known resistance mechanisms, and investigated whether its activity could be extended by combination with clavulanic acid. In addition, we examined the compound's propensity to select resistance in single-and multi-step procedures.
Materials and methods

Bacterial strains
Test panels were largely composed of UK clinical isolates with their resistance mechanisms inferred by interpretative reading of phenotypes, 9 or identified by molecular analysis. To ensure epidemiological diversity, they were sourced from a wide range of hospitals. b-Lactamase production among the isolates used in inoculum effect studies was investigated by isoelectric focusing 10 and by PCR for bla TEM , bla SHV and bla OXA , using published conditions and primers. 11, 12 The AmpC expression mutants of Enterobacteriaceae and Escherichia coli transconjugant series with different b-lactamases were described previously. 13 The strains used in mutant selection included representatives of the predominant UK methicillin-resistant Staphylococcus aureus (MRSA) lineage EMRSA-15; 14 the original vancomycin-intermediate S. aureus strain Mu50; 15 Enterobacter cloacae strains known to be inducible for AmpC in direct assays 16 and a reference pair of E. coli strains comprising a parent and its hypermutable (mutS) derivative, each carrying a bla TEM b-lactamase gene encoded by the laboratory-constructed plasmid pT1. 17 
Antibiotics and susceptibility tests
Ceftaroline was from Cerexa (formerly Peninsula Pharmaceuticals, Alameda, CA, USA); other antimicrobial agents were from their respective manufacturers, or were purchased from Sigma (Poole, Dorset, UK).
MICs for non-fastidious bacteria were determined by the CLSI dilution methods on Mueller -Hinton agar (Oxoid, Basingstoke, Hampshire) with variations as follows: (i) we determined MICs with inocula of 10 6 cfu/spot, as well as 10 4 cfu/spot for batteries of Gram-negative isolates with established b-lactamase profiles, and (ii) MICs for staphylococci were additionally determined at 358C on Mueller -Hinton agar containing 2% NaCl to induce PBP-2 0 and its contingent resistance. MICs for pneumococci were determined on Mueller -Hinton agar with 5% ovine blood, incubated in 5% CO 2 ; for haemophili, we used Haemophilus Test Medium gelled as agar, rather than as broth. Clavulanate was used at 4 mg/L in combination tests.
Mutant selection
Single-step selection. Selection was performed with ceftaroline or cefotaxime at four times MIC in Mueller -Hinton agar plates, supplemented as necessary to support growth of haemophili and pneumococci. Inocula comprised approximately 5 Â 10 8 cfu/plate from overnight nutrient broth cultures; selection experiments were performed in duplicate and incubated for 24 h at 378C; serial dilutions of the same inoculum were spread on drug-free media, giving a denominator for the calculation of mutation frequencies.
Multi-step selection. Bacteria were grown overnight in 10 mL amounts of Mueller -Hinton broth with 0.5Â MIC of ceftaroline. One-hundred-microlitre volumes of these cultures were then transferred to fresh broth with double the original antibiotic concentration and incubated overnight. This process was repeated for up to 14 cycles, with the drug concentration doubled after each passage, or until it was impossible to obtain further growth. After the third, sixth, ninth, 12th and final passages, the broths were subcultured onto agar containing the same drug concentration. A smear of the resulting growth, retained at 2708C, was used to determine MICs.
Results
Activity versus staphylococci and enterococci
Staphylococci. MICs of ceftaroline for methicillin-susceptible S. aureus (MSSA) mostly were 0.12-0.25 mg/L and were raised by less than one doubling dilution by inclusion of 2% NaCl in the test medium (geometric mean 0.34 mg/L compared with 0.24 mg/L) ( Figure 1 ). MICs for MRSA-most of them variants of the epidemic -15 and -16 lineages that predominate in the UK 14 -were 1 -2 mg/L under standard test conditions and, again, were little raised if 2% NaCl was added to induce PBP-2 0 (geometric mean MIC 1.56 mg/L with NaCl versus 1.18 mg/L without). No MRSA isolate required .2 mg/L ceftaroline for inhibition, even in the presence of NaCl. MRSA isolates were resistant to other b-lactams (oxacillin and ceftriaxone) irrespective of addition of NaCl and-as is typical of EMRSA-15 and -16-also to levofloxacin; 14 none was resistant to vancomycin (data not shown). MICs of ceftaroline for methicillin-susceptible coagulase-negative staphylococci (CoNS) generally were lower than for MSSA, clustering around 0.06 mg/L and rising only to a geometric mean of 0.11 mg/L in the presence of 2% NaCl (Figure 1 ). All the methicillinresistant CoNS isolates were susceptible to ceftaroline at 2 mg/L or less in the absence of 2% NaCl but one isolate required an MIC of 4 mg/L in its presence; geometric mean MICs were well below these values, at 0.47 and 0.64 mg/L, respectively, without and with NaCl.
Enterococci. MICs of ceftaroline for E. faecalis and E. faecium isolates are shown in Figure 2 . Ceftaroline was more active than other cephalosporins against E. faecalis with values scattered between 0.25 and 32 mg/L and with some suggestion of bimodal behaviour. There was no obvious relationship to the MICs of ampicillin, which clustered from 0.5 to 2 mg/L. MICs of ceftaroline for E. faecium were mostly 16 -64 mg/L (geometric mean 28 mg/L) but the two ampicillin-susceptible strains (MIC 8 mg/L) were more susceptible, with ceftaroline MICs at 1 mg/L. Among the 33 E. faecalis tested, six were vancomycin resistant, all with VanA phenotypes, and five were linezolid resistant; among the 56 E. faecium, all except six were vancomycin resistant, mostly with VanA phenotypes, whereas nine were resistant to linezolid and three to quinupristin/dalfopristin. MICs of ceftaroline, predictably, were unrelated to those of vancomycin, linezolid and quinupristin/dalfopristin (data not shown).
Activity versus non-fastidious Gram-negative pathogens E. coli transconjugants. MICs of ceftaroline for transconjugants with classical TEM (i.e. TEM-1 and TEM-2) and SHV-1 penicillinases were 0.5 -2 mg/L at standard inocula, compared with 0.015 -0.03 mg/L for their isogenic plasmid-free counterparts (Table 1 ). MICs were considerably higher (mostly 16-128 mg/L) for transconjugants with extended-spectrum TEM, SHV and PER enzymes. OXA-1, -3 and -4 enzymes had little effect on ceftaroline MICs, but values were raised for transconjugants with rarer Class D types, such as OXA-2, -5 and -7; MICs also were raised for transconjugants with NMC-A (Class A) and IMP (Class B) carbapenemases.
MICs of ceftaroline for most producers of classical and extended-spectrum class A (TEM, SHV) and D (OXA) b-lactamases were brought as low as those for plasmid-free recipients by clavulanic acid at 4 mg/L, confirming the role of these enzymes in conferring resistance or reduced susceptibility. IMP-1 conferred resistance irrespective of clavulanic acid. ESBLs, IMP-1 and a few OXA enzymes raised the MICs of comparator oxyimino-cephalosporins but, predictably (and unlike with ceftaroline), MICs of these agents for producers of classical TEM-1/2 and SHV-1 enzymes were within one doubling dilution of those for non-producers.
AmpC expression mutants. MICs for two AmpC inducibility mutant series each of C. freundii, E. cloacae, M. morganii and S. marcescens are shown in Table 2 , along with data for P. vulgaris, which has an inducible Class A b-lactamase. Analogous data were obtained for one-to-three further mutant series of each species (data not shown).
As with third-generation cephalosporins (i.e. cefotaxime, ceftriaxone and ceftazidime), MICs of ceftaroline generally were similarly low for AmpC-inducible and -basal (deficient) organisms within a series, but were markedly raised (often to 16 -128 mg/L) for the AmpC-derepressed mutants. Such data imply that ceftaroline-like these third-generation cephalosporins 18 -is labile to AmpC enzymes, but is a weak inducer of their synthesis, meaning that AmpC is protective only when it becomes derepressed. The activity of cefepime was less impaired by derepression of AmpC, reflecting its greater stability to these enzymes. Chromosomal b-lactamase derepression in P. vulgaris (or even inducible expression in the VA1 series) raised the MICs of ceftaroline and ceftriaxone, but not those of ceftazidime. Derepression-mediated resistance to ceftaroline was reversed by clavulanate in P. vulgaris, but not in the species with AmpC enzymes.
Enterobacteriaceae clinical isolates. Summary MIC parameters for Enterobacteriaceae isolates are shown in Table 3 , by resistance phenotype. Isolates susceptible to other oxyiminocephalosporins were consistently susceptible to ceftaroline at 2 mg/L, with lower values for E. coli, Klebsiella spp. and P. mirabilis than for Enterobacter and Serratia spp. Nevertheless, ampicillin-resistant E. coli and P. mirabilis and piperacillinresistant Klebsiella spp.-i.e. those inferred to have acquired penicillinases only, not ESBLs or hyperproduced AmpC enzymes-typically were about 4-fold less susceptible to ceftaroline than were strains susceptible to these penicillins. This differential, best illustrated by the geometric mean MICs, was reversed by clavulanate. Other oxyimino-cephalosporins retained fuller activity against isolates with these penicillinases, with geometric mean MICs no more than 2-fold higher than for ampicillin-and piperacillin-susceptible isolates.
MICs of ceftaroline for many AmpC-inducible (i.e. cephalosporin-susceptible) Enterobacter spp., Serratia spp. and Morganella morganii isolates were raised by one or two doubling dilutions by clavulanate, though with geometric mean values remaining 1.2 mg/L. Such antagonism is common with extended-spectrum cephalosporins and reflects induction of AmpC by the clavulanate. 19 In contrast, P. vulgaris isolates, all of which remained susceptible to ceftaroline at 1 mg/L, showed up to 16-fold increased susceptibility in the presence of clavulanic acid, implying that even inducible class A cephalosporinase could confer slight protection in some strains.
ESBLs were associated with resistance to ceftaroline and other cephalosporins in E. coli and Klebsiella spp., supporting the transconjugant data (Table 1) ; in general, MICs for isolates with CTX-M ESBLs were higher (.128 mg/L), than for isolates with TEM and SHV ESBLs (mostly 2-16 mg/L). Derepressed AmpC enzymes conferred resistance to ceftaroline and other cephalosporins except cefepime; hyperproduced K1 enzyme in K. oxytoca conferred resistance to ceftaroline and ceftriaxone. 
Respiratory pathogens
As is typical for cephalosporins, the MICs of ceftaroline for pneumococci rose in parallel with those of penicillin (Table 4) In common with the other cephalosporins tested, ceftaroline retained excellent activity against H. influenzae isolates, with MICs consistently 0.06 mg/L (Table 4) . Isolates with intrinsictype ampicillin/co-amoxiclav resistance had slightly raised MICs for ceftaroline, with a geometric mean 0.03 mg/L, compared with 0.015 mg/L for fully susceptible isolates, but this seems of academic interest only. MICs for Moraxella catarrhalis isolates were 1 mg/L; lower than or equal to those of the other cephalosporins tested (Table 4) . Most isolates of this species were amoxicillin resistant but co-amoxiclav susceptible, suggesting presence of BRO-1 or -2 enzymes. One exceptional 
Inoculum effects in relation to b-lactamase expression
We observed that the activity of ceftaroline was slightly reduced against E. coli transconjugants with classical TEM and SHV penicillinases (Table 1) . Likewise, activity was slightly reduced against many E. coli, P. mirabilis and K. pneumoniae isolates with resistance patterns implying the production only of classical penicillinases (Table 3) . These results led us to undertake inoculum effect studies, with inocula of 10 4 or 10 6 cfu/spot (Table 5) .
Among eight ampicillin-susceptible E. coli (MICs 4-16 mg/L), we found smaller inoculum effects for ceftaroline (geometric mean 1.3-fold) between inocula of 10 4 and 10 6 per spot than for cefotaxime (2.5-fold). This pattern reversed among 16 ampicillin-resistant (MIC .128 mg/L), cefotaxime-susceptible (MIC 0.03 -0.06 mg/L) E. coli, where we found larger inoculum effects for ceftaroline (geometric mean 7.3-fold) than for cefotaxime (3.8-fold). These 16 isolates were positive for bla TEM .32 mg/L. We anticipated, wrongly, that most of the latter group would have bla TEM although, in fact, only two proved TEM-positive by PCR and isoelectric focusing. All the K. pneumoniae isolates, whether piperacillin resistant or not, were PCR-positive for bla SHV , and most gave a corresponding pI 7.6 band on isoelectric focusing. The K. oxytoca isolates were negative for bla SHV and gave a variety of bands on focusing, believed to correspond to KOXY/K1 enzyme, which has variable electrofocusing behaviour. These SHV and K1/KOXY enzymes are universal in their respective species. Among the piperacillin 'susceptible' group, the geometric mean inoculum effects were 2.9-fold for ceftaroline and 5.9-fold for cefotaxime, whereas corresponding values among the piperacillin-resistant group were 12.5-fold for ceftaroline and 5.1-fold for cefotaxime. MICs of ceftaroline for the piperacillin-susceptible group never exceeded 2 mg/L at 10 6 cfu inocula, and remained 0.25 mg/L in five out of six cases. In contrast, six out of 19 piperacillin-resistant isolates, including both TEM-1/2 producers, required MICs .128 mg/L at high inoculum. High-inoculum cefotaxime MICs never exceeded 4 mg/L and only exceed 1 mg/L for two strains, both piperacillin resistant.
In the case of P. mirabilis, we tested 12 isolates susceptible to ampicillin (MIC ,8 mg/L) and 14 resistant isolates (MIC .128 mg/L). All of the latter group were PCR-positive for bla TEM though isoelectric focusing only found corresponding bands in 12 out of 14: four having TEM-2 and eight having TEM-1. All 26 isolates were susceptible to cefotaxime. Sizeable inoculum effects were seen for both cephalosporins with both the ampicillin-susceptible and resistant groups but the largest effect was for ceftaroline versus the ampicillin-resistant group (Table 5) ; only here did high-inoculum MICs ever exceed 4 mg/ L, ranging up to 256 mg/L. Six E. coli and 10 Klebsiella spp. isolates with ESBLs were also tested and, here, major inoculum effects were seen for both ceftaroline and cefotaxime. Finally, we re-tested the reference E. coli transconjugants (Table 1) with copiously-produced TEM-1, -2 and SHV-1 b-lactamases. In all cases, there were major effects for ceftaroline, with MICs rising from 0.5 -2 mg/L at low inoculum to .32 mg/L at high inoculum. Effects for cefotaxime were marginal or absent, with high-inoculum MICs 0.25 mg/L.
Single-step mutant selection
Using ceftaroline at 4Â MIC, we failed to select mutants at detectable frequencies (i) from any of the three S. aureus strains tested (MSSA, EMRSA-15 and VISA Mu50), (ii) from penicillinsusceptible and -resistant pneumococci or (iii) from amoxicillinsusceptible and -resistant haemophili (Table 6 ). In contrast, we could readily select resistant mutants of both of two AmpCinducible E. cloacae strains tested, using either ceftaroline or cefotaxime. The Enterobacter mutants had phenotypes typical of AmpC-derepressed organisms, with clavulanate-independent resistance to ceftaroline and third-generation cephalosporins but retained susceptibility to cefepime ( Table 7) . Mutants of E. coli 1411 pT1 and 1413 pT1 were obtained under selection with ceftaroline but not cefotaxime; their frequency was higher with 1413 pT1, which has a lesion in the mutS mismatch repair system; 17 moreover its mutants, unlike those derived from E. coli 1411 retained resistance to ceftaroline after repeated passage on drug-free agar.
Ceftaroline-selected E. coli 1413 pT1 mutants regained full susceptibility to ceftaroline in the presence of clavulanate; it was notable also that MICs of cefotaxime, ceftriaxone and ceftazidime for these organisms were no higher than for their parent strain. We therefore suggest that they had some change to TEM b-lactamase quantity or specificity but had not developed true ESBL activity.
Multi-step mutant selection
The drug concentrations to which we could 'train' growth are shown in Table 8 , along with MICs for the mutants selected. No AMP-S, ampicillin-susceptible; AMP-R, ampicillin-resistant; CTX-S, cefotaxime-susceptible; PIP, piperacillin.
variants with elevated MICs of ceftaroline could be obtained from any of the three S. aureus (MSSA, EMRSA-15 and VISA-Mu50) strains, whereas we could drive the MIC for the TEM-b-lactamase-negative E. coli strain U up 16-fold from 0.06 to 1 mg/L, and that for the TEM-1 producer E. coli V from 0.25 to 128 mg/L. Mutants of the TEM-negative strain U showed small rises in MICs of ceftaroline itself, other cephalosporins and levofloxacin. This profile, with both b-lactams and non-b-lactams affected, implied reduced permeability and/or up-regulated efflux. 9 In contrast, ceftaroline-selected mutants of the TEM-producer V had a ceftazidimase ESBL phenotype, and showed strong ceftaroline/clavulanate synergy; only mutants obtained at the highest concentrations-maybe with secondary mutations-showed even a one-tube rise in the levofloxacin MIC, suggesting little or no change in permeability or efflux.
Discussion
Ceftaroline is among several anti-MRSA b-lactams now in development; others include ceftobiprole and, potentially, carbapenems. They represent important developments, both because b-lactams have a favourable toxicity profile compared with other anti-MRSA agents and because no other antibiotic family has such a long and good provenance as the b-lactams against methicillin-susceptible staphylococci. 20 In common with other groups, notably Sader et al., 6 we found that the MICs of ceftaroline for MRSA were 2 mg/L under standard conditions, compared with 0.03 -0.25 mg/L for methicillin-susceptible strains. However, standard MIC tests are a poor measure of b-lactam activity against MRSA, since induction of PBP-2 0 is unreliable. 21 To overcome this limitation, we re-tested ceftaroline in the presence of 2% NaCl, finding that MICs remained 2 mg/L for all the MRSA isolates and for all but one methicillin-resistant CoNS strain (MIC, 4 mg/L). This performance is similar, or marginally superior, to those reported previously for ceftobiprole and RWJ-54 428.
1,4,21 Attempts to select higher-level resistance in MSSA, MRSA and VISA were unsuccessful, even under a multi-step 'training' procedure. This lack of easy mutant selection is in keeping with previous data for RWJ 54 428. 4 Like ceftobiprole and RWJ-54 428, but unlike any cephalosporin now available, ceftaroline also had activity at 1 mg/L against about half the E. faecalis isolates tested, though the remainder were more resistant, with MICs 4 -8 mg/L, (Figure 2 ). The reasons for this dichotomy are unclear and the MICs of ceftaroline were unrelated to those of ampicillin. E. faecium was resistant, as found also by Sader et al., 6 the only exceptions being the few isolates also susceptible to amoxicillin.
Activity was impressive against all three major community respiratory pathogens-S. pneumoniae, H. influenzae and M. catarrhalis, also as found by Sader et al. 6 Although MICs were raised for penicillin-non-susceptible pneumococci, they remained 2 -4-fold below those of cefotaxime and ceftriaxone. Allowing the incremental upward 'creep' of b-lactam MICs for pneumococci, this may be a significant future advantage, though substantive resistance to available cephalosporins is rare at present. 22, 23 We observed no propensity for ceftaroline to select resistance in S. pneumoniae and H. influenzae but would caution that resistance in these species partly accrues by stepwise transformation, not reflected in the mutant selection tests used here.
24
Ceftaroline had low MICs for many Enterobacteriaceae, similar to those of comparator oxyimino-cephalosporins. However, like these comparators, it lost activity against ESBL producers, with MICs being especially high for isolates with CTX-M enzymes. CTX-M enzymes are now the predominant ESBLs in much of Europe, Asia and South America, though not yet in the USA. 25 As with third-generation cephalosporins, but not cefepime, ceftaroline also lost activity against AmpC-derepressed Enterobacteriaceae isolates and mutants and consequently selected AmpC-derepressed E. cloacae mutants from inducible populations. It was compromised too against K. oxytoca strains hyperproducing K1 enzyme, as is ceftriaxone but not ceftazidime. 26 More surprisingly, the activity of ceftaroline was slightly reduced, even at standard inocula, against E. coli transconjugants with classical TEM and SHV penicillinases and against many E. coli, P. mirabilis and K. pneumoniae isolates with resistance patterns indicating only classical TEM and SHV penicillinases. These results led us to undertake the inoculum effect studies detailed in Table 5 , which confirmed that the MICs of ceftaroline rose markedly with the inoculum for many (but not all) E. coli and P. mirabilis with TEM-1 or -2 enzymes and for piperacillin-resistant Klebsiella spp. Inoculum effects were much less marked for ampicillin-susceptible E. coli and P. mirabilis and for piperacillin-susceptible Klebsiella spp.; comparable effects were not seen for cefotaxime. The fact that the inoculum effects for ceftaroline were not universal among b-lactamase producers may be because they vary with the amount of enzyme; likewise the occurrence of b-lactamase-independent inoculum effects for both ceftaroline and cefotaxime for P. mirabilis implies some other contributory factor in this species. Nevertheless, the predominant mechanisms appear to be b-lactamase-related, as confirmed by its reversal by clavulanate. In some cases, notably for the reference TEM-1, TEM-2 and SHV-1 enzyme producers, the MICs of ceftaroline at high inoculum were .32 mg/L, whereas those of cefotaxime never exceeded 4 mg/L, except when ESBL producers were tested. Taken collectively, these data imply that-very unusually for an oxyimino-cephalosporin-ceftaroline has some lability to classical broad-spectrum penicillinases, though the significance of this (and of b-lactamase-related inoculum effects in general) 27 remains a subject of debate. Clavulanate, at 4 mg/L, not only restored full susceptibility to TEM-1, -2 and SHV-1 producers but also overcame resistance conferred by ESBLs and K1 enzyme. In addition, it also brought most Bacteroides isolates into the compound's spectrum. The limits of such a combination were, predictably, the failure to overcome resistance due to derepressed AmpC enzymes and weak antagonism against some Serratia, Morganella and Enterobacter strains with inducible AmpC enzymes. Such antagonism occurs also with ticarcillin/clavulanate and other oxyiminocephalosporin/clavulanate combinations, 28 and is of unproven significance almost 20 years after it was first described.
In summary, ceftaroline is a promising new cephalosporin with excellent activity against staphylococci, including methicillin-resistant strains, and with better activity against penicillin-resistant pneumococci than any available cephalosporin. While ceftaroline also has good activity against many Enterobacteriaceae that act as opportunist pathogens, it has significant lability to ESBLs and AmpC enzymes, and some vulnerability also to enterobacterial penicillinases. Much of this lability could potentially be overcome by combination with clavulanate. 
